Lung adenocarcinoma is characterized by marked heterogeneity and may be composed of an admixture of histologic growth patterns, including acinar, papillary, solid, and lepidic (bronchioloalveolar). Tumors displaying a prominent or predominant cribriform architecture are rare and most often confused for metastases from other organs. We report the clinical, histologic, immunohistochemical, and molecular features in 15 primary lung adenocarcinomas with a predominant cribriform histology. All patients were adults between 30 and 80 years of age (median: 64), and all but one reported a history of heavy cigarette smoking. All cases showed a predominant (470%) cribriform architecture that resembled a variety of tumors arising in other organs, including breast, prostate, ovary, pancreas, uterus, colon, and thyroid. Immunohistochemical stains showed a phenotype consistent with a primary lung tumor (ie, TTF1 þ /CK7 þ ), with negative results for other markers. Molecular analysis in six cases showed that none harbored an EGFR-activating mutation. KRAS mutation was detected in one case, and an ALK1 and ROS1 gene rearrangement were each detected in an additional two cases. Cribriform adenocarcinomas of the lung represent a distinctive histologic subtype of lung cancer that may be morphologically difficult to differentiate from metastases with a predominant cribriform architecture.
Non-small-cell lung carcinoma, particularly adenocarcinoma, remains the leading cause of cancer mortality in the United States. 1 According to the current World Health Organization classification of lung adenocarcinoma, the most frequent type is mixed adenocarcinoma, an invasive tumor with a combination of different histologic subtypes (bronchioalveolar, acinar, papillary, and solid with mucin). 2, 3 Although the classification is widely applied, the subtyping has high interobserver variability 4, 5 and lacks a reliable correlation with molecular characteristics. 6 The international multidisciplinary classification of lung adenocarcinoma recently published by the International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society proposes to classify these tumors according to the predominant histologic component in order to improve molecular and prognostic correlations. 7 The acinar pattern of lung adenocarcinoma is defined as a neoplasm composed of small round glands, and according to the new International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society classification, it is the predominant component in 30-40% of cases. 6, 8 A cribriform pattern of growth is not currently acknowledged in the histologic classification of lung adenocarcinoma, although some authors have regarded tumors with a cribriform morphology as a variant of the acinar pattern. 9 In primary lung tumors, a pure or predominant cribriform architecture is rare; most tumors displaying this type of architecture have been commonly regarded as metastases, particularly from the prostate, breast, and colon. 3, 10, 11 Mutations in the epidermal growth factor receptor (EGFR) and the KRAS genes, and rearrangements in the anaplastic lymphoma receptor tyrosine kinase (ALK), the c-ros oncogene 1, receptor tyrosine kinase (ROS1) genes, and the RET proto-oncogene are among the most frequently observed molecular alterations in lung adenocarcinomas. 4, 12 ALK, ROS1, and RET gene rearrangements occur exclusively of EGFR or KRAS mutations with rare exception.
The presence of activating mutations of the EGFR gene correlates with a better response to treatments with tyrosine kinase inhibitors (TKIs). [13] [14] [15] [16] The most frequent type of ALK rearrangement is a fusion with the echinoderm microtubule-associated protein-like 4 (EML4). ROS1 gene rearrangements were first reported in 2007 17 and are present in 1-2% of lung adenocarcinoma. Similar to ALK-positive lung cancer, ROS1 gene rearrangements are more common in young, female, never smokers, and tumors harboring these rearrangements demonstrate more favorable response to crizotinib. RET gene rearrangements were recently described, [18] [19] [20] occur in 1-2% of lung adenocarcinoma, and may also show response to RET-targeted therapy. 21, 22 Recently, testing guidelines for properly selecting lung cancer patients for EGFR and ALK TKIs have been published. 23 The major recommendation to guide selection of appropriate targeted therapy is testing of all patients with advanced stage lung adenocarcinoma for activating EGFR mutations and ALK gene rearrangements regardless of clinical risk factors or tumor histology. KRAS mutations are present in 15-30% of lung adenocarcinomas and are regarded as a marker of resistance to TKI treatment. There are no recommendations for routine KRAS, ROS1, and RET testing in lung cancer. 7, 16, 24 We report the clinical, histologic, and immunohistochemical status in 15 primary lung adenocarcinomas with a predominant cribriform histologic growth pattern, with special emphasis on the histopathologic differential diagnosis. We also describe the EGFR and KRAS mutational status and the ALK, ROS1, and RET rearrangements in six of these cases for which material was available for analysis, and we discuss the role of molecular testing in this group of tumors.
Materials and methods

Cases
A total of 15 cases were identified during a retrospective review of lung adenocarcinomas from the surgical pathology files of the Medical College of Wisconsin, Milwaukee, Wisconsin (six cases), and the Ohio State University, Columbus, Ohio (nine cases), during a period from 1990 to 2010. The study was conducted with Institutional Review Board approval from both institutions. Clinical information and follow-up data were obtained from the patients' records or by contacting the responsible physicians. Criteria for inclusion were the presence of 470% cribriform pattern of growth of the tumor and an appropriate immunohistochemical profile consistent with a primary lung adenocarcinoma (CK7/TTF1-positive; CK20/CDX2-negative). For pathologic evaluation, from 5 to 15 slides stained with hematoxylin and eosin were available for review in all cases.
Paraffin blocks for immunohistochemical studies were available in all cases. Four-micrometer sections were stained using a Dako Autostainer Plus according to the manufacturer's protocol. Slides were dried at 60 1C for 1 h and deparaffinized. Heat-induced epitope retrieval was performed with Dako Envision FLEX target retrieval solution (high pH Tris/EDTA) at 100 1C for 20 min. Primary antibodies (DAKO, Carpinteria, CA, USA) for: CK7 (OV-TL 12/30), CK20 (K s 20.8), TTF1 (8G7G3/1), thyroglobulin (DAK Tg6), CDX-2 (DAK-CDX2), and ALK (5A4, Novacastra-Leica, Richmond, IL, USA) were incubated at room temperature for 60 min. Signals were detected using a Dako FLEX detection kit. Counterstaining was performed with Envision FLEX hematoxylin for 7 min at room temperature. Nuclear immunoreactivity was considered positive for TTF-1 and CDX-2. Cytoplasmic positivity was considered positive for ALK, thyroglobulin, CK7, and CK20. Appropriate positive and negative controls were run concurrently for all antibodies tested.
DNA Extraction
Six cases (Medical College of Wisconsin cohort) were amenable to molecular analysis. Hematoxylin and eosin-stained slides were used to identify areas in which tumor cells represented greater than 50% of total nucleated cells. DNA extraction was performed using Zymo Pinpoint DNA isolation kit (Zymo Research Corporation, Orange, CA, USA) in 10 mm unstained sections according to the manufacturer's guidelines. DNA was obtained from both tumor and adjacent, histologically normal appearing areas of each specimen. FISH was performed on six cases using break apart probes for either ALK, ROS1, or RET (Empire Genomics, Buffalo, NY, USA) according to manufacturer's instructions. Four-micrometer-thick sections of formalin-fixed and paraffin-embedded tumor tissue were deparaffinized, dehydrated, immersed in 0.2 N HCl, and washed. The sections were immersed in 10 mM citrate buffer and boiled in a microwave for 5 min, treated with pretreatment reagent (Abbott Molecular) followed by protease digestion. After applying the probe, the samples were incubated in a humidified atmosphere using HybriditeTM (Abbott Molecular). Slides were washed with 2 Â saline sodium citrate and counterstained with 4,6-diamino-2-phenylindole II and antifade (p-phenylamide). Signals for each probe were evaluated under a microscope equipped with a double-pass filter (green/orange; Abbott Molecular) and an oil immersion objective lens. Greater than 50 nuclei were analyzed for each case. ALK, ROS1, and RET FISH-positive cases were defined as those presenting more than 15% split signals (41 signal diameter separation); in addition, loss of the 5 0 ROS1 probe with retention of the 3 0 probe was interpreted as ROS1 FISH positive. 25 
Results
Clinical Features
The patients' clinical characteristics are summarized in Table 2 . The median age at diagnosis was 64 years (range 30-80 years). Eight patients were men and seven were women. All patients, except one (case 14), were heavy cigarette smokers (greater than 40 cigarettes per day). Co-morbidity was present in two patients; one had sickle cell disease and another had chronic myeloid leukemia. Based on initial histologic examination, the majority of cases were initially interpreted as representing metastases from other organs. Thorough clinical and radiographic examination following the initial diagnosis did not reveal evidence of a primary tumor elsewhere. All patients but one underwent surgical resection as treatment; lobectomy was performed in seven patients, wedge resection in six, one patient had a partial pneumonectomy, and one patient had only a liver biopsy for metastatic disease. Follow-up information was available in six patients; two patients died before 1 year with disseminated disease, four patients were alive without evidence of metastases at 4 months after surgery. The remainders of patients have been lost to follow-up.
Gross Features
Fifteen patients had single tumors; tumor size ranged from 1.9 to 7.5 cm. Grossly, the tumors were described as tan-white, well-circumscribed solid masses. Two tumors showed central cavitation. All tumors were peripherally located, with pleural puckering. Six patients had mediastinal lymph node metastases at diagnosis, and one patient had pleural and chest wall metastases.
Histologic Features
On scanning magnification, all tumors showed a predominant cribriform architecture consisting of glandular spaces lined by cuboidal to cylindrical cells with punched-out round to ovoid lumens. Four cases resembled prostatic or breast adenocarcinomas ( Figure 1a ). The nests of tumor cells were round to ovoid in shape and separated by abundant desmoplastic stroma. On higher magnification, the cells were cuboidal to polygonal, with centrally placed nuclei containing prominent nucleoli and ample cytoplasm. No goblet cells, signet-ring cells, or other evidence of mucin secretion could be identified. The cribriform spaces resembled 'roman bridges' (Figure 1b) . Secretion in the lumens varied from amphophilic to basophilic in two cases, and eosinophilic in two other cases. Areas of comedonecrosis were present in all four cases. Two cases had abundant mucinous eosinophilic secretion in the glandular lumens. Cribriform structures lined the periphery of cystic spaces in a garland-like pattern, resembling mucinous adenocarcinomas of the pancreas or ovary (Figure 2a) . The tumor nests were separated by scant fibrous stroma. Cells varied from cuboidal to cylindrical, their cytoplasm was eosinophilic and the nuclei were oval or elongated with some pseudostratification. Atypia was moderate to severe and there were frequent mitoses (Figure 2b) .
Four cases resembled adenocarcinoma of the endometrium, with tumor islands containing cribriform structures separated by desmoplastic stroma (Figure 3a) . The cells were cylindrical, with ovoid nuclei containing two or three small nucleoli and well-defined cell borders. All cases showed, at least focally, subnuclear vacuoles resembling periovulatory-phase endometrium, and dirty necrosis in the lumen (Figure 3b) . One of these cases also showed areas that resembled ovarian mucinous cystadenocarcinoma, with cystic spaces rich in mucin, cribriform architecture, and more solid foci with structures resembling morules; however, the solid areas were separate from the cribriform areas and did not show squamoid features as are seen in true morules.
Three cases showed features that simulated intestinal-type colorectal adenocarcinoma (Figure 4a) , with extensive areas of necrosis, cystically dilated tumor islands with cribriform structures adopting a garland-like arrangement at their periphery, and adjacent areas with small confluent cribriform nests with necrosis in their lumens. Tumor cells were columnar and showed marked nuclear atypia, with elongated nuclei, increased nuclear chromatin, and ample eosinophilic cytoplasm. Scattered goblet cells were present. Thick mucoid eosinophilic secretions were present in the lumens admixed with inflammatory cells and nuclear debris (ie, 'dirty' necrosis; Figure 4b ).
Two cases simulated metastases from thyroid papillary carcinoma and showed a striking cribriform pattern admixed with small papillary tufts (Figure 5a ). The tumor cells were round or oval and showed marked clearing of the nuclear chromatin, scattered longitudinal nuclear grooves, and rare intranuclear eosinophilic inclusions as well as overlapping of nuclei (Figure 5b ). The lumens in the cribriform areas were filled with an eosinophilic secretion with scalloping and occasional macrophages. Scattered psammoma bodies were also present. Both cases also showed focal areas displaying a lepidic, bronchioloalveolar-type pattern of growth in adjacent alveoli.
Immunohistochemistry Analysis
All cases were positive for TTF-1 and CK7 (Figures  6a and b) . None of the cases showed positivity for CK20 or CDX-2. Case 15 showed positive staining of the tumor cells for ALK antibody (Figure 7 ). Thyroglobulin was negative in both cases that showed a thyroid-like pattern (cases 14 and 15).
Molecular Studies
No activating EGFR mutations were identified. EGFR exon 20 contains a synonymous singlenucleotide polymorphism (refSNP ID rs1050171) p.Q787Q (c.2361G4A), 26 
Discussion
Lung adenocarcinomas are characterized by histologic heterogeneity; adenocarcinomas with a single pure or predominant histologic pattern are rare. 27 Cribriform architecture is not a characteristic pattern in lung adenocarcinoma and tumors displaying this unusual growth pattern are not included in the World Health Organization classification of lung tumors. 3 In the literature, cribriform adenocarcinomas of the lung, when mentioned, are grouped with the acinar subtype 5, 28 and, according to the actual recommendations by the International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society, there are not sufficient data to separate them from other subtypes. 7 Because of their rarity, the presence of a predominant or exclusive cribriform growth pattern in a lung tumor of an adult or elderly patient generally raises the diagnostic possibility of a metastasis from another organ.
We have described 15 primary lung adenocarcinomas with a predominant cribriform architecture. The majority of the lesions were initially mistaken for examples of metastases to the lung from carcinomas from various other organs. Immunohistochemical studies coupled with thorough clinical investigation supported the primary lung origin of these tumors.
Primary lung tumors with a cribriform architecture resembling colorectal carcinomas were first Cribriform adenocarcinoma of the lung described by Tsao and Fraser. 29 The tumors were characterized by a predominant component of neoplastic tall columnar cells admixed with goblet cells and Paneth cells, with occasional features of neuroendocrine differentiation. More recently, pulmonary intestinal-type adenocarcinomas have also been described by Yousem 30 and by Inamura. 31 The tumors described by Yousem were characterized by a garland-like architecture, central 'dirty' necrosis, and stratified tall columnar cells lacking significant goblet cell or signet-ring features lining the glands. The author remarked that the tumors closely resembled colorectal and sinonasal 'intestinaltype' adenocarcinomas. A cribriform arrangement of the neoplastic cells in which luminal spaces were filled with mucinous material and necrotic debris was a feature of those tumors. Based on the patterns of immunoreactivity, pulmonary adenocarcinomas with enteric features can be divided into those showing positivity for TTF-1/CK7 and negativity for CDX2/CK20 (ie, lung adenocarcinoma with enteric morphology), 30 and those showing CD20/CDX2 positivity and negative CK7/TTF1 (ie, lung adenocarcinoma with enteric differentiation). 31, 32 The majority of the enteric-type tumors, however, appear to exhibit a primary lung phenotype and, thus, display only enteric morphology.
Some of the cases in our study showed some of the features described by Yousem 30 and Inamura 31 resembling colorectal carcinoma, but our series further expands the morphologic spectrum that these tumors can display. This is of importance for differential diagnosis as tumors other than colorectal adenocarcinomas demonstrating a prominent cribriform growth pattern are capable of metastasizing to the lung and can arise from diverse sites such as the gallbladder, 33 paranasal sinuses, 34 urinary bladder, 35 breast, 11 prostate, 10 pancreas, 36 salivary glands, 37 thyroid, 38 sweat glands, stomach, ovary, 39 uterus, and endocervix. 40 Adenocarcinomas of the prostate and breast can metastasize to the lung and can often display a cribriform architecture with comedonecrosis. 3 In a study of 129 frozen sections from 121 patients with breast adenocarcinoma and lung nodules, Herbst et al 11 found that comedonecrosis within solid tumor nests and cribriform architecture favored a diagnosis of breast metastases. A study of metastatic adenocarcinomas from the prostate to the lung also showed that the most common features in such tumors were a cribriform growth pattern with comedonecrosis, blue mucin, and mild pleomorphism. 10 All of our cases with a prostate/breast cribriform pattern except for one were women, TTF-1 was diffusely positive, and none had a previous history or evidence of breast or prostate carcinoma.
Cystadenocarcinomas from the pancreatobiliary tract and the ovary can metastasize to the lung and show a cribriform pattern. Endometrioid adenocarcinomas from the uterus typically have a back to back cribriform arrangement, with cylindrical cells and occasional dirty necrosis in their lumens. 7, 36 Application of immunohistochemical stains can be of help in this setting; although such tumors can show reactivity for CK7, pancreatic, endometrioid, and ovarian carcinomas are generally negative for TTF1.
Papillary carcinomas of the thyroid frequently metastasize to regional lymph nodes and the lung is the principal distant site affected. Distant metastases very rarely can be the first manifestation of the disease. 38 The cribriform-morular variant of papillary thyroid carcinoma is another tumor that can metastasize to the lung late in its course. This tumor is characterized by prominent cribriform architecture in association with squamoid morules. The tumor cells are cylindrical with vacuolated nuclei, nuclear grooves, prominent nucleoli, and occasional pseudoinclusions. Immunohistochemical stains are positive for TTF-1, CK7, and nuclear b-catenin. Up to 40% may show neuroendocrine differentiation. 34 Our thyroid-like cases shared the nuclear features of papillary thyroid carcinoma as well as having areas with a cribriform pattern; however, they lacked squamoid morules. Moreover, thyroglobulin stains performed in both cases were negative and physical and ultrasound examination of the head and neck did not reveal evidence of thyroid nodules or masses.
Finally, a more remote possibility in the differential diagnosis is the so-called 'fetal type' adenocarcinoma of the lung, a rare variant of primary lung adenocarcinoma seen mostly in young adults. Histologically, it is characterized by a prominent cribriform architecture with abundant clear glycogen-rich cytoplasm, subnuclear vacuoles, and the distinctive presence of squamoid morules located predominantly at the base of the glands. These tumors also stain strongly for TTF1 and may display aberrant nuclear positivity for b-catenin. 7,41 Four of our cases contained areas with clear cells; however, none of our cases showed the distinctive combination of back-to-back arrangement of glandular spaces, subnuclear vacuoles, and squamoid morules. Only one of our cases showed focally clear subnuclear vacuoles as well as non-squamoid solid areas resembling morules; however, the glands were not back to back, and the morule-like structures Cribriform adenocarcinoma of the lung were not associated with the cribriform glands but were located within dilated glandular spaces at the periphery of the tumor. The ALK, ROS, and RET gene rearrangements leading to constitutive kinase activity define a new molecular subtype of lung adenocarcinoma, and patients with ALK or ROS1 gene rearrangements demonstrate benefit from criztotinib. Two of our cases showed a gene rearrangement involving EML4-ALK or ROS1, both of which had thyroid-like morphology that simulated metastatic papillary thyroid carcinoma. Although previous reports have demonstrated that ALK and ROS1 gene rearrangements frequently occur in young, non-smoking patients with predominantly cribriform, solid, or signet-ring cell patterns, these features have no specific role in selecting patients for molecular testing; rather molecular testing is recommended in lung cancer patients with adenocarcinoma and mixed lung cancer with an adenocarcinoma component. 4, 14, 23, 25, [42] [43] [44] [45] [46] [47] The KRAS codon 12 c.G35A (p.G12D) mutation was present in one case with a pure cribriform architecture. No activating EGFR mutations were identified in our cases.
In summary, we have described a group of primary lung adenocarcinomas that are characterized by a distinctive and predominantly cribriform histology. All except one occurred in older patients with a heavy smoking history and were initially suspected of representing metastases from various other organs. Careful clinicopathologic assessment and immunohistochemical studies helped establish the primary pulmonary origin of these tumors. Last, an activating KRAS mutation and alterations in both ALK and ROS1 were observed in a subset of the cases amenable to analysis. The spectrum of activating mutations and genetic variation observed in this series is similar in frequency and distribution to conventional lung adenocarcinoma and do not seem to identify a particular molecular signature or predictive therapeutic response in lung adenocarcinoma with cribriform histology. However, because of their distinctive morphology, awareness of this unusual histologic variant of lung adenocarcinoma is of importance to avoid misdiagnosis with a metastasis from an occult or distant primary.
